Recently, negative refraction of electromagnetic waves in photonic crystals was demonstrated experimentally and subwavelength images were observed. However, these investigations all focused on the periodic structure. Here, we report a new theoretical and experimental finding that negative refraction can appear in some transparent quasicrystalline photonic structures. The photonic quasicrystals (PQCs) exhibit an effective refractive index close to ÿ1 in a certain frequency window. The index shows small spatial dispersion, consistent with the nearly homogeneous geometry of the quasicrystal. More interestingly, a superlens based on the 2D PQCs can form a non-near-field subwavelength image whose position varies with the source distance. These properties make PQCs promising for application in a range of optical devices.
Recently, negative refraction of electromagnetic waves in photonic crystals was demonstrated experimentally and subwavelength images were observed. However, these investigations all focused on the periodic structure. Here, we report a new theoretical and experimental finding that negative refraction can appear in some transparent quasicrystalline photonic structures. The photonic quasicrystals (PQCs) exhibit an effective refractive index close to ÿ1 in a certain frequency window. The index shows small spatial dispersion, consistent with the nearly homogeneous geometry of the quasicrystal. More interestingly, a superlens based on the 2D PQCs can form a non-near-field subwavelength image whose position varies with the source distance. These properties make PQCs promising for application in a range of optical devices. Refraction is one of the most fundamental phenomena in optics. Recently, negative refraction and left-hand materials (LHMs) have attracted a great deal of attention from both the theoretical and the experimental sides. Properties of LHMs were analyzed theoretically by Veselago over 30 years ago [1] , but only recently were they demonstrated experimentally [2, 3] . One promising aspect about LHMs is that they can make a superlens with resolution far beyond the diffraction limit [4] . Other anomalous features were also observed to exist in such materials [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, the above LHMs always include some metal elements, and absorption is inevitable, limiting further applications.
It is interesting that the phenomena of negative refraction were also found to exist in some periodic dielectric photonic crystals (PC) [14 -26] . The physical principle that allows negative refraction in the PCs to arise from the dispersion characteristics of wave propagation in such a periodic medium can be described in terms of the equifrequency surface of the band structures [18] [19] [20] [21] [22] [23] [24] . Very recently, subwavelength focusing and imaging by 2D PC slabs have been observed experimentally [14 -17] . However, the images are restricted to the vicinity of the samples (near-field region).
In this Letter, we report a novel theoretical and experimental finding that negative refraction can also exist in some quasicrystalline photonic structures and subwavelength images can form against the quasicrystal superlens beyond the near-field region. The photonic quasicrystal (PQC) we investigate is a random square-triangle tiling system whose geometry is schematically shown in the inset of Fig. 1 . The structure possesses 12-fold symmetry and is called a 12-fold symmetric quasicrystal [27, 28] . The 12-fold PQC sample used in the experiments consists of a number of dielectric cylinders with dielectric constant 8.6 and radii 3.0 mm embedded in a styrofoam template with a lattice constant of a 10 mm. In order to gain understanding of the band and gap regions for the electromagnetic wave transport in such a quasiperiodic structure, we first explore the transmission spectrum. A rectangular sample 110 mm thick and 400 mm wide was fabricated for microwave measurements.
The measurements were carried out in a wide scattering chamber by using an HP8757E scalar network analyzer and an HP8364A series synthesized sweeper, which was similar to our previous experimental setup [29] . In all our measurements the electric field is kept parallel to the cylinders. The measured transmission data for the above sample are plotted in Fig. 1 by the dotted line. The solid line represents the numerical results obtained by a highly efficient rigorous multiple-scattering method [28] . Excellent agreement between the measured and calculated results is apparent. Both results show one gap and two bands between the frequencies f 5:0 and 14 GHz. Because we aim at the refraction feature of wave transport in the quasicrystal structure, in the following we focus our measurement on the band region. To study the refraction behavior of wave transport through the quasicrystal-air interface, we have fabricated some wedge samples with different shapes characterized by the wedge angle 0 . In experiment, all the wedge samples always have the left surface kept perpendicular to the incident direction in order to avoid multiple refraction. A 0 30
wedge sample is schematically shown in the inset of Fig. 2(a) . When a slit wave beam of certain frequency is incident normal to the left surface of the sample, it transports along the incident direction until it meets the wedge interface of the sample. A part of the beam will refract out of the sample and the other is reflected inside. The refracted wave either travels on the right side (positive refraction) or the left side (negative refraction) of the surface normal. The incident angle of the wave beam impinging upon the wedge interface is equal to 0 . Therefore, by choosing different shapes of the wedge sample, we can extract the information of the refraction angle versus the incident angle 0 for this quasicrystal structure.
The refraction experiments were performed in a semicircular cavity. A dipole antenna was mounted on a goniometer that runs along the semicircular outer edge of the parallel plate waveguide to detect the refraction beam. Figure 2 (a) shows the measured transmission intensity as a function of for the 30 wedge sample at an incident wave frequency 11.82 GHz. A peak is clearly seen at ÿ32 corresponding to a negative refractive index n ÿ1:06. To understand the experiment results, we implemented the multiple-scattering theory [28] to calculate wave propagation and scattering in the quasicrystal sample. The simulation results of the field energy patterns of the incidence and refraction waves are plotted in Fig. 2(b) by colors. It can be clearly seen that the energy flux of the refraction wave travels on the negative refraction side of the surface normal. The calculated refraction angle and the corresponding refractive index is consistent with the measured results.
The simulation and experimental results of versus 0 at 11.82 GHz are summarized in Fig. 3 by the solid and the dark dots, respectively. All-angle negative refraction can be observed at this frequency. In addition, is largely linearly proportional to 0 , which means that the quasicrystal sample has a negative refractive index close to ÿ1 and is only weakly dependent on the wave propagation direction in a rather wide range of incidence angles. In other words, the structure exhibits small spatial dispersion, which is consistent with the nearly homogeneous geometry of such a quasicrystal. This all-angle negative refraction feature for PQC can make it serve as a superlens [4] . To see whether the superlensing effect, indeed, exists in our quasicrystal structure, we investigated the image formation of a point source against a quasicrystal slab. A 400 mm wide and 70 mm thick slab sample was taken as the first example. A monochromatic point source radiating at frequency 11.82 GHz was placed at a distance 35 mm (half thickness of the sample) from the left surface of the slab. We first employed the multiple-scattering method [28] to 
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week ending 24 JUNE 2005 247402-2 calculate the propagation of emitted waves in such a slab sample. A typical field intensity pattern for the wave across the slab is plotted in Fig. 4(a) . X and Y represent the vertical and transverse directions of wave propagation, respectively. Only data in the 300 mm 300 mm domain around the center of the sample are displayed here. The geometry of the quasicrystal slab is also shown for clarity of view. One can see that a very high quality image is formed in the opposite side of the slab. A closer look at the data reveals a transverse size (half width at half maximum) of the image spot about 10 mm in diameter at a distance of 35 mm from the right surface of the slab, which is 0:4 ( 25 mm being the wavelength of the radiation), well below the conventional diffraction limit (0:5) [30] . Such a subwavelength resolution might imply amplification of evanescent waves inside the PQC slabs [4, 21] . Although it is difficult to discern the evanescent wave components within the slab from the total-field pattern due to the existence of complex standing and propagating wave components, the problem can be well solved by looking into the dependence of the imaging and focusing on the sample thickness. If the decay in the free space could be offset by the amplification within the slab as Ref. [4] has pointed out, a subwavelength resolution can be achieved in any distance from the slab by varying the slab thickness accordingly. In order to clarify such a dependence of the imaging and focusing, we have checked a series of slab samples of different thicknesses. Figure 4(b) shows the calculated field pattern for a 110 mm thick sample. A monochromatic point source at 11.82 GHz is placed at a distance of half thickness of the sample (55 mm) from the left surface of the slab and its image is found near the symmetric position in the opposite side of the slab. More interestingly, a bright point is also seen at the center of the sample. We have continued to increase the thickness of the sample, and found that the image also moves farther away from the slab, strong evidence of the amplification of evanescent waves by the quasicrystal slab. These phenomena of imaging and focusing are very close to the results predicted by Veselago [1] and Pendry [4] for an ideal LHM with n ÿ1. As a comparison, in the previous studies on photonic crystal structures [14 -16] , the image mostly appears in the near-field region, with little dependence of the image distance on the source distance [22] .
We have performed experiments to verify the above theoretical observations. In the experiment, a monopole antenna is used as the point source. The power distribution at the image plane is measured by scanning and recording the transmission intensity along a line parallel to the surface of the slab at the focus plane. The measurement results at 11.82 GHz are shown as dark dots in Figs. 5(a) and 5(b) , where the calculated results (solid lines) are also displayed for comparison. Good agreement between theory and experiment can be observed. Using the same method, we have investigated the imaging properties at different frequencies, and found that negative refraction and focusing can appear in a frequency range between 11.78 and 11.9 GHz (marked by the arrow in Fig. 1) . However, the best focus occurs at 11.82 GHz. At this frequency, the quasicrystal sample shows small spatial dispersion. This feature can be attributed to the high geometric symmetry in the 12-fold quasicrystal. In contrast, the highest level of symmetry that can be found in a periodic lattice is six, much lower than the quasicrystal. As a result, a quasicrystal behaves much closer to an isotropic homogeneous medium than a periodic photonic crystal. This makes a negative refraction quasicrystal a better candidate material to observe many fascinating properties that have been predicted to exist in a LHM, such as the superlens effect [4] . The origin of the negative refraction in the PQCs can be understood similar to the cases in the periodic PCs. The physical principle that allows negative refraction in the periodic PCs are based on complex Bragg scattering effects [18] [19] [20] [21] [22] [23] [24] . Recently, some experiments [31] have shown that analogous concepts to Bloch functions and Bloch-like states in the periodic structures can be applied to some quasicrystals. In particular, the 12-fold PQC is composed of two basic composite units (triangle and square) tiling together. It is convinced that each unit, when arranged in a periodic lattice, can show negative refraction. If we bring the triangle and square together into a quasicrystal, the negative refraction phenomenon is still expected. In fact, this Letter has demonstrated such an analysis.
In closing, we point out that our quasicrystal structures are composed of pure dielectric materials and therefore are subject to far less absorption loss than the metal-based LHMs, where increased absorption in metals prohibits the scaling of these structures to the optical wavelengths. As a result, the effective negative refractive index can be maintained in an optical quasicrystal structure, and many negative refraction phenomena that have been observed in the microwave regime can also be found in the optical wavelengths. All these superior features make photonic quasicrystals promising for application in a range of optical devices, such as a superlens for visible light. Note added.-After our submission, several authors reported numerical results of far-field images in some periodic structures [32] .
